The conventional model on the distribution of electrolyte infusions states that water will distribute proportionally over both the intracellular (ICV) and extracellular (ECV) volumes, while potassium homes to the ICV and sodium to the ECV. Therefore, total body potassium is the most accurate measure of ICV and thus potassium balances can be used to quantify changes in ICV. In cardiothoracic patients admitted to the ICU we performed complementary balance studies to measure changes in ICV and ECV. In 39 patients, fluid, sodium, potassium, and electrolyte-free water (EFW) balances were determined to detect changes in ICV and ECV. Cumulatively over 4 days, these patients received a mean AE SE infusion of 14.0 AE 0.6 L containing 1465 AE 79 mmol sodium, 196 AE 11 mmol potassium and 2.1 AE 0.1 L EFW. This resulted in strongly positive fluid (4.0 AE 0.6 L) and sodium (814 AE 75 mmol) balances but in negative potassium (À101 AE 14 mmol) and EFW (À1.1 AE 0.2 L) balances. We subsequently compared potassium balances (528 patients) and fluid balances (117 patients) between patients who were assigned to either a 4.0 or 4.5 mmol/L blood potassium target. Although fluid balances were similar in both groups, the additionally administered potassium (76 AE 23 mmol) in the higher target group was fully excreted by the kidneys (70 AE 23 mmol). These findings indicate that even in the context of rapid and profound volume expansion neither water nor potassium moves into the ICV.
Introduction
In clinical medicine, the conventional model on water and electrolyte distribution states that infused electrolytefree water (EFW) distributes proportionally over both the intracellular volume (ICV) and the extracellular volume (ECV) (Rose 2001; Guyton 2011; Frost 2015) . The major cations of the ICV and ECV are potassium and sodium, respectively. Critically ill patients receive large electrolyte infusion volumes during treatment in the intensive care unit (ICU). Although retention of sodium and water are well-known to accompany early ICU-treatment (Moore 1959; Gosling 2003; Lindner et al. 2009; Silversides et al. 2010) , the effect on potassium balance and ICV has not been studied. Since total body potassium (TBK) is considered as the gold standard for determining ICV (Patrick 1977; Finn et al. 1996; Monk et al. 1996; Dittmar and Reber 2004; Savalle et al. 2012) , potassium balances could serve as a quantitative indicator of changes in TBK and thus ICV. We therefore performed fluid, sodium, potassium, and EFW balance studies in ICU patients to quantify changes in ICV and ECV. In addition, we also examined the effect of two different potassium supplementation protocols aiming for either a normal-high or normal-low potassium target on the potassium and fluid balances (Hoekstra et al. 2010 (Hoekstra et al. , 2016 .
Methods

Study design
In this study, we determined fluid, sodium, potassium, chloride, and EFW balances in critically ill patients admitted after cardiac surgery. The observational retrospective balance studies all involved patients of ≥18 years admitted to a tertiary cardiothoracic ICU from October 2010 until December 2014. Fluid, sodium, potassium, and chloride balances were derived from meticulously recorded input and output, including 24-h urine collections. In all patients, potassium was regulated by our computerized potassium regulation protocol (Glucose and potassium Regulation in Intensive care Patients [GRIP-II] ) (Hoekstra et al. 2010) . Patients were targeted to a serum potassium target of either 4.0 mmol/L (4.0 mmol/L target group) or 4.5 mmol/L (4.5 mmol/L target group) using our GRIP-II protocol. Patients were assigned in alternating blocks during the GRIP-COMPASS (computer-driven Glucose and potassium Regulation program in Intensive care Patients with COMparison of PotASSium targets within normokalemic range) trial in substudy C (Hoekstra et al. 2010) . Directly after completion of this trial our standard target was initially set at 4.5 mmol/L. However, after evaluation of the trial results it was subsequently set at 4.0 mmol/L, since the higher target conferred no clinical benefits (Hoekstra et al. 2016) .
Patients who received renal replacement therapy were excluded from analysis. Our ICU did not have a full electronic patient database management system during the study period. Therefore, all data were derived from reviewing medical and nursing charts. Patients with missing or incomplete charts were excluded. Also, the required 24 h urine analysis was introduced at our ICU during the study period. Thus, we examined the various aspects of balances in complementary substudies A, B, and C, which enabled us to gather all information needed in as many patients as possible.
Substudy A evaluated patients in depth to establish the overall extent of cumulative fluid, sodium, potassium, chloride, and EFW retention during the first days after ICU admission. These variables were derived with comprehensive equations including all intake (IV fluids, nutrition, and medication) and excretion or losses (diuresis, insensible perspiration, drained fluids, and gastric retention [ Tables 1-3] ). Arterial pH and glucose level were also recorded, since marked changes in these parameters could affect potassium redistribution (Aronson and Giebisch 2011; Palmer 2015) .
Substudy B evaluated patients who stayed ≥24 h at the ICU after cardiac surgery and who were targeted to a serum potassium of either 4.0 or 4.5 mmol/L using our GRIP-II protocol. Patients targeted at 4.0 or 4.5 mmol/L were compared after selection and matching for admission reason, disease severity and length of ICU-stay. The differences between the cumulative GRIP-II prescribed potassium chloride dose and cumulative 24 h renal potassium excretion (RKE) were compared between the two target groups (Table 1) .
Substudy C was a predefined analysis of the GRIP-COMPASS trial (Hoekstra et al. 2010 (Hoekstra et al. , 2016 in patients Tables 2 and 3 ) Output of water, sodium, chloride, and potassium Output = gastric retention + drain production + insensible perspiration + diuresis (24 h urines) For electolytes (mmol): volume 9 [electrolyte] administered fluid (see Tables 2 and 3 ) Balance of water, sodium, chloride, and potassium Balance = intake À output Gastric retention: volume 9 [electrolyte] enteral/parenteral feeding (see Table 2 ) Drain fluid loss: volume 9 mean blood [electrolyte] Insensible perspiration: 10 mL/kg/day + 2.5 mL/kg/day per degree centigrade above 37°C (max body weight in equation: 100 kg) 9 0.6 if intubated 9 0.5 on admission day Temperature: mean body temperature of the day (mean of temperature at 6 and 18 h) Blood (mmol/L) Blood potassium reference range 3.5-5. This accounts for both the infused and excreted volume. The Na+ and K+ concentrations correspond to the respective volumes Substudy B GRIP Potassium Intake = GRIP prescribed potassium chloride in mmol Potassium Output = RKE = 24 h potassium excretion in the urine in mmol GRIP Potassium balance = GRIP potassium intake À potassium output Substudy C Fluid intake = infusion fluids + given medication + water (oral) Fluid output = gastric retention + drain production + diuresis ( with an ICU-stay of >4 days. GRIP-COMPASS assessed the impact of the 4.0 and 4.5 potassium targets on the incidence of atrial fibrillation. Here, we analyzed the effect of the 4.0 or the 4.5 mmol/L targets on fluid balances as calculated from intake of IV fluids, nutrition, and medication, and losses by diuresis, gastric retention, and drain production (Table 1) .
Data collection
Analyzed data included basic demographics, reason of admission, acute physiology, and chronic health evaluation (APACHE-IV) score for disease severity, acute kidney injury according to the KDIGO AKI criteria (Kellum and Lameire 2013) and in-hospital mortality. All electrolyte, glucose and pH values, determined in blood or 24 h urine during the first four ICU days were recorded. Samples that displayed hemolysis or otherwise were deemed less reliable, were excluded from analysis.
Balance calculations
Fluid and electrolyte balances were derived from patient charts taking the electrolyte content of administered fluids, medication, and nutrition into account (Tables 1-3) .
Insensible perspiration was defined as loss through the skin by evaporation and evaporative water loss from the respiratory tract (Cox 1987 ). We did not take losses via sweat and stool into account. We corrected for intubation, since loss of fluid will be lower when intubated. Since the admission day is typically not a full day in most cases, this was corrected for in the calculated insensible perspiration.
Electrolyte-free water was determined for both the administered and the lost or excreted volumes by taking the total infused or excreted volume and subtracting the total amount of Na + and K + infused or excreted (Rose 2001; Lindner et al. 2009 ). This accounts for both the administered and excreted volume. Na + and K + concentrations of 140 mmol/L were used to determine corresponding electrolyte containing volumes. EFW was estimated only on the basis of the cations Na + and K + . Other cations (e.g., Ca ++ and Mg ++ ) were not taken into consideration since these cations form only a minor fraction of administred fluids. Also, ICV and ECV contain only minor amounts of these cations in a readily exchangeable form.
Statistical analysis
Means are given AESE, unless indicated otherwise, medians with interquartile range. Baseline characteristics between groups were compared using a chi-square or a MannWhitney U-test. Balances and electrolyte levels were compared with the Student's t-test. A two-sided P < 0.05 was considered significant. Balance calculations were performed with a spreadsheet (Excel, Microsoft, Redmond, WA) and statistical analyses were performed with SPSS 22 (IBM, Chicago, IL).
Study approval
The data analysis in this study was performed in accordance with the guidelines as outlined in Dutch legislation. The study was approved by the medical ethics committee (IRB) of our institution (Medisch Ethische Toetsingcommissie, METc 2015.089). As a retrospective study of routinely collected and anonymized data, informed consent was not required by our IRB. The GRIP-COMPASS trial is registered at Clinicaltrials.gov (NCT01085071).
Results Substudy A: comprehensive balance analysis
Cumulative intake and balances were collected of 39 ICU patients (Table 4) for a 4-day period. Over this period, large amounts of fluid (14.0 AE 0.6 L), EFW (2.0 AE 0.1 L), sodium (1465 AE 79 mmol), potassium (196 AE 11 mmol), and chloride (1408 AE 69 mmol) were administered (Fig. 1A) . A positive cumulative fluid balance of +4.0 AE 0.6 L was seen with positive sodium and chloride balances of +814 AE 75 and +569 AE 83 mmol, respectively. In contrast, there was a net potassium balance of À101 AE 14 mmol and a net EFW balance of À1.1 AE 0.2 L (Fig. 1B) .
Blood electrolyte concentrations were stable during the study period ( Fig. 2A) . Glucose levels were mildly hyperglycemic with a decrease of 1.5 mmol over the first 4 ICU days (Fig. 2B) . Arterial pH levels stayed within the reference range (Fig. 2B ).
Substudy B: effect of two different potassium targets on potassium balance GRIP-prescribed potassium infusion, RKE, and potassium balances were determined for 526 cardiothoracic ICU patients (229 patients targeted at the 4.0 mmol/L potassium target and 297 patients targeted at 4.5 mmol/L potassium target) with no baseline differences ( Table 4 ). The cumulative infused potassium dose was 76 AE 23 mmol higher (Fig. 3A) and the RKE was 70 AE 23 mmol higher in the 4.5 mmol/L target group compared to the 4.0 mmol/L target group (Fig. 3B) . Both groups showed similar negative potassium balances (P = 0.42, Fig. 3C ). Furthermore, blood potassium levels only showed a slight difference between both groups (P < 0.001; Fig. 3D ).
Substudy C: effect of two different potassium targets on fluid balance Fluid balances in 117 patients (54 patients targeted at the 4.0 mmol/L potassium target and 63 patients targeted at the 4.5 mmol/L potassium target) were examined. The patient groups had similar baseline characteristics (Table 4 ) and were admitted for at least 5 ICU days with a median of 10 ICU days. Net fluid balances after four ICU days did not differ between the two groups (6.3 AE 0.4 and 6.3 AE 0.4 L, respectively; P = 0.61) despite receiving significantly different amounts of potassium (Fig. 4) .
Discussion
In this first study using comprehensive balances to examine the conventional model on the distribution of fluid and electrolytes over the ECV and ICV, we found a rapid and profound volume expansion of the ECV, while the ICV did not expand.
In substudy A, we observed a large cumulative positive balance of fluids, sodium, and chloride, whereas there was a negative balance of both potassium and EFW. This indicates that no increase of the ICV occurred, since such an increase in ICV should have been accompanied by intracellular potassium retention and thus a positive potassium balance. Additionally, blood electrolytes remained stable during this period. Since intra-and extracellular osmolality are essentially equal, this corroborates that no increase in ICV occurred. Both the renal excretion of all the additionally administered potassium in patients targeted at 4.5 mmol/L in substudy B, as well as the absence of more positive fluid balances in patients targeted at 4.5 mmol/L in substudy C underscore that the ICV is not affected by additionally administered potassium. That the extra administered potassium is not retained but excreted, also explains the similarity in potassium levels that was observed in the prospective GRIP-COMPASS trial (4.22 AE 0.36 vs. 4.33 AE 0.36; P < 0.001) (Hoekstra et al. 2010 (Hoekstra et al. , 2016 . In fact, the overall negative potassium balance implies a decrease in TBK and thus a contraction of the ICV. This has been observed in trauma patients . A major contributor to the loss of ICV and thus potassium is the rapid breakdown of striated muscle tissue that is frequently observed in catabolic critically ill patients Monk et al. 1996; Savalle et al. 2012) .
A perfect quantitative measurement for the ICV does not exist. However, determination of TBK is still considered the best measurement of ICV (Patrick 1977; Finn et al. 1996; Monk et al. 1996; Dittmar and Reber 2004; Savalle et al. 2012) . The current gold standard to assess TBK is scintigraphy of 40 K exploiting the fact that all naturally occurring potassium contains a minute and constant fraction of 40 K, a radioactive isotope, allowing the determination of TBK with an accuracy in the order of several percent (approximately 100 mmol) (Samat et al. 1997) . NaBr is sometimes used together with 40K to determine the ICV as well as body composition (Shen et al. 2005; Savalle et al. 2012) , but this method requires a stable body water pool size rendering it unsuitable in ICU patients. A more popular and less cumbersome, but very indirect and considerably less reliable method to estimate ICV and body composition is bio-impedance analysis (BIA) (Dittmar and Reber 2004; Savalle et al. 2012 ).
BIA is difficult to interpret in ICU patients and is particularly poorly suited to detect small changes in ICV. BIA tends to overestimate body cell mass in comparison to TBK by up to 20% and BIA devices have several systematic errors (Dittmar and Reber 2004) . We are not the first to propose potassium balances as an easy and reliable way to measure changes in TBK (Patrick 1977; Finn et al. 1996; Monk et al. 1996) . But to our knowledge, we are the first to propose potassium balances as a direct measure of changes in ICV in patients who undergo dramatic volume and electrolyte shifts. The measurement of RKE, essential for calculating the potassium balance, is widely available, inexpensive and noninvasive in ICU patients who typically already possess a urinary catheter, which would make this method more feasible for current practice than previously described methods. Thus, whereas 40 K scintigraphy is most accurate in measuring absolute TBK, the potassium balance method may be optimal to determine changes in TBK and therefore may also be serve as an indicator of muscle loss in ICU patients. An important clinical implication from our observations concerns the strong preference within clinical medicine for sodium-based intravenous fluids over EFW solutions, such as glucose 5%, as the former are considered to expand ECV without significant expansion of ICV as compared to EFW solutions (Rose 2001; Guyton 2011; Frost 2015) . Large infusions of sodium-based fluids frequently lead to sodium accumulation and hypernatremia in patients. Hypernatremia in the ICU is thus largely iatrogenic and it has a strong correlation with negative outcomes (Gosling 2003; Stelfox et al. 2008; Lindner et al. 2009; Silversides et al. 2010; Oude Lansink-Hartgring et al. 2016) . In this study we found no indicators of ICV expansion following administration of EFW. Consequently the need for so-called "physiological" sodium-based infusion fluids (i.e., 130-154 mmol/L) can be called into question. However, this does require further investigation since our study was not designed to directly compare different fluid regimens (e.g., sodium-free solutions, low-chloride solutions). If this is also applicable to patients outside of the ICU who receive iv infusions, cannot be concluded yet.
Although major textbooks on physiology (Guyton 2011 ) and electrolyte and water pathophysiology (Rose 2001 ) and a recent review (Frost 2015) claim that EFW distributes proportionally over the ICV and ECV (Fig. 5A-D) , this concept has not been verified in critically ill patients who require extensive IV fluid administration in the context of a systemic inflammatory response. This conventional model has its origins in ex vivo erythrocyte experiments, first executed by William Hewson in 1773 (Kleinzeller 1996 ). Hewson's observations that erythrocytes swell in water and shrink in a hypertonic solution would later lead to recognition of osmotic pressure as a key determinant of cellular volume. Although very important from a mechanistic point-ofview, these in vitro experiments where cells are abruptly exposed to extremely hypo-or hyperosmolar solutions cannot be extrapolated to changes in vivo, where cells are more gradually exposed to less extreme osmotic stress. Maintaining a constant volume, however, is critical for cellular homeostasis since volume changes affect many critical metabolic and signaling processes (Yancey et al. 1982; Chamberlin and Strange 1989; Strange 2004) . Most life forms, from bacteria to eukaryotes, have developed evolutionarily highly conserved mechanisms to rapidly adjust the concentration of so-called osmolytes (Yancey et al. 1982; Chamberlin and Strange 1989; Lang et al. 1998; Strange 2004; Lang 2006; Hoffmann et al. 2009 ). Osmolytes are comparatively inert intracellular molecules including sugars, polyols, amino acids, urea, and methylamines, that can be generated and removed on short notice to avert shrinking and swelling in hyper-osmolar or hypo-osmolar environments. The initial responses on changing extracellular environments are regulatory volume decrease or regulatory volume increase, in which the cell is forced to release or gain potassium, which triggers the generation or clearance of nonessential osmolytes, in order to restore the cell volume (Strange 2004; Hoffmann et al. 2009) . Figure 5E -H shows an alternative model that is both compatible with extensive evidence from cell biology on the role of osmolytes and our findings in vivo. The key difference of the alternative model compared to the conventional model is the relative constancy of the ICV. The "milieu interieur" that animals possess (i.e., the ECV) varies its volume and osmolarity while cells maintain constant volume by adapting the osmolyte concentration. Note that both simplified models shown in Figure 5 , Blood potassium was only slightly higher in the 4.5 mmol/L target group despite a 42% higher potassium administration in this group compared to the 4.0 mmol/L target group. The mean blood potassium concentration only differed 0.07 mmol between the two groups (Student's t-test; P < 0.001).
do not take structural loss of striated muscle tissue and consequently diminished ICV into account Monk et al. 1996) . Our study has several limitations. As a retrospective study, many variations in standard care could not be controlled for. Since we did not possess a patient database management system during the study, very time-consuming calculations of balances from nonelectronic patient charts had to be performed. The later introduction of routine 24 h urine analysis led us to split our study into three complementary substudies to obtain the relevant data. On the other hand, ICUs that regularly perform the inexpensive yet accurate 24 h urine analyses and that do possess a patient database management system could automatically determine the relevant balances in nearly real time. Although we meticulously determined the electrolyte and fluid balances in substudy A, we had to make several assumptions such as those regarding insensible water losses. However, given the consistent and marked results, we conclude that errors introduced by these assumptions will only slightly affect the overall differences or the absence of differences in the observed balances. We did not account for fecal and other potassium losses. Inclusion of these unmeasured losses would have resulted in even more profound potassium losses, indicative of an even larger decrease in ICV. Significant changes in glucose and pH are known to alter the distribution of potassium (Aronson and Giebisch 2011; Palmer 2015) . As described, pH was stable and mostly in the normal range, glucose was only mildly increased. We therefore believe that these factors are unlikely to have affected potassium distribution. Data on the perioperative phase would have been very interesting, but balance information during surgery was incomplete, thus we could only assess the postoperative phase. It would be interesting to elucidate the counterregulatory mechanisms that interfered with actually achieving the 4.0 and 4.5 targets, including factors that control RKE in response to higher potassium loads or pharmacological interventions. But this was neither the goal nor feasible in this study. With respect to this issue, it should be stressed that a key methodological advantage of balance studies is that they do not require any specific assumption on the obviously complex underlying homeostatic systems. Prospective studies in patients who do not have such large fluid requirements and who do not display such pronounced loss of muscle mass as our patients would be welcome. In such patients balance studies could compare the effects of electrolyte-based fluids (e.g., NaCl 0.9%) with more EFW-based fluids (e.g., NaCl 0.45%/glucose 2.5%).
In conclusion, in this first study to comprehensively examine fluid and electrolyte balances in patients during marked volume expansion after ICU admission, we could not demonstrate retention of administered EFW and potassium. Moreover, significant potassium losses were observed, indicating ICV contraction. On the other hand, administered sodium and accompanying fluids were retained, indicating concomitant ECV expansion.
